Introduction
The quasi-biennial oscillation (QBO) in the tropical stratosphere influences the global distributions of ozone tAngell and Korshover, 1964; Shah, 1967; OItroans and London, 1982; Hasebe, 1980 Hasebe, , 1983 Hasebe, , 1994 The WISCAR model was designed for multiple decade integrations and has a time step of 15 days, rather than minutes. Recognizing the importance of the QBO to climate problems, we attempted to include the QBO while retaining this model architecture and hence the capability for long time integrations. This is interesting from a modeling and theoretical standpoint. It has been known since the late 1960s [Wallace, 1967a,b; Dickinson, 1969 ] that the QBO temperature perturbations must be maintained against radiative damping by meridional circulations. Thus, radiative damping should affect the thermal forcing required to achieve observed QBO zonal wind magnitudes.
Three QBO forcing parameterizations that produce good simulations of the QBO in dynamic fields and trace constituents will be described. Emphasis was placed upon developing relatively simple, robust forcing parameterizations expressed as analytic functions which are readily differenttable and integrable in time and space. Observations of the zonal wind QBO are condensed into a compact analytic function in section 2. In section 3 the relevant governing equations of she WISCAR model and the three QBO forcing methods are described. Section 4 presents results from a control run with no QBO and salient results for the best QBO simulation (diabatic-forcing method), as determined by comparison with observations and previous benchmark simulations, as well as significantly different results for the wave-driving and thermal-nudge methods. Section 5 explores several specific modeling and theory issues raised by these experiments, including model resolution, coupling of tropical and extratropical middle atmospheric circulations, vertical dependence of the phase relationship among dynamical variables, and the changeover from dynamical to chemical control of the ozone QBO in the middle stratosphere. Section 6 contains conclusions and describes ongoing additional research. The interested reader is referred to [Huang, 1996] Uc•Bo(y,z,t) = UoA(z)r(z,t)M(y) .
(1)
The observed maximum QBO wind speed amplitude, Uo, is about 25 m/s near zo = 28 km. Significant QBO zonal wind amplitudes are contained approximately between 16 km and 40 kin, so an amplitude envelope in altitude is specified: 
QBO Forcing Methods
Three different methods were tested for introducing a QBO into the WISCAR model. The "thermalnudge" method adds a temperature tendency term to the right hand side of (6), while the "diabatic-forcing" and "wave-driving" methods add heating or equivalent wave driving to the rhs of (5 
Results
First, a short description of a control run with no QBO forcing will be presented. The diabatic-forcing method generated the best overall QBO signatures, so its results will be described second and in greatest detail. Results from the wave-driving method were almost identical to those of the diabatic-forcing method, so they will not be shown. Thermal-nudge results are then presented, emphasizing departures from the diabaticforcing method. (Figure 7) . 
Model Numerics
In the thermal-nudge, diabatic-forcing, and wavedriving methods, the forcing amplitude was multiplied by a factor of 4, 40, and 1.75, respectively. In focusing on the diabatic-forcing method, it is possible that the factor of 40 might reflect a decoupling between the energy reservoir associated with the thermal perturbation (PE) and that of the zonal mean zonal wind (•). 
Dynamical Feedbacks
QBO signals defined as a deviation from the control run fields are not shown in this work. However, they do show some interesting behavior. Many QBO signals so defined possess meridional asymmetry; chemical signals usually are more intense and extend farther into the northern hemisphere. This meridional asymmetry of QBO signals is due to a combination of several factors: hemispheric asymmetries in Rossby wave activity, the specified annual cycle in the Brewer-Dobson circulation, insolation intensity, chemical sources, and nonlinear gravity wave feedback in the model. In the extratropics, annual modulation of QBO trace constituent signals is due to modulation of Rossby wave transport. During QBO easterlies, the winter hemisphere zero wind line is closer to the pole, focusing P•ossby wave activity and eddy transport poleward. But during the westerly phase, t{ossby waves propagate into the (sub)tropics, thus reducing wave activity and poleward eddy transport. There is also a hemispheric asymmetry in stratospheric •by wave activity, favoring the northern hemisphere, which is explicitly included in the model. Stratospheric Rossby wave activity is therefore relatively smaller in the southern winter.
QBO Amplitude and Phase l•elationshlps
The evolution of equatorial zonal wind, temperature, and ozone at 25 and 35 km are shown in Figures 9a  and 9b . Below 30 km, ozone is controlled advectively and is highly correlated with temperature, since descent brings down higher values of ozone and entropy. Above 32 kin, ozone is controlled photochemically, and is highly anticorrelated with temperature. This is consistent with SAGE data [Hasebe, 1994] . Hazebe suggested that the feedback due to ozone solar heating would enhance QBO temperature anomalies in the advective regime. Subsiding warm ozone-rich air would absorb more sunlight, helping to maintain the warm anomaly, while ascending cool ozone-poor air would absorb less sunlight, helping to maintain the cool anomaly. Qualitatively, this effect is also occurring in the WISCAt{ model, but we defer a more detailed interpretation until further quantitative analysis. Here it is of interest to focus on the phase shift between temperature and wind with altitude. The phase lag of T, w, Os, and NO v with respect to zonal wind shows a significant vertical dependence (Figure 10b) This work suggests several areas for future model improvement. Successful QBO simulations with a prescribed analytic basic state variation now allow exploration of a more interactive parameterization using linear theory for Kelvin, mixed Rossby-gravity and inertiagravity waves. This should allow a shear zone asymmetry and variable QBO period to develop. The conditions under which shear zone descent asymmetry develops in the model are important, since empirical orthogonal function (EOF) analysis by Fraedrich et al. [1993] shows rather uniform descent, while a similar EOF analysis by Wallace et ai. [1994] argues that the strong phase progression of the zonal wind QBO dominates any annual cycle contribution. Yao [1994] suggests that the apparently slow descent of QBO easterlies is due primarily to incomplete removal of the local annual cycle. Further studies will compare the relative influences of this QBO dynamical parameterization and climatological distributions of aerosol surface area compiled for the two phases of the QBO.
